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3. B R I E F  SUMMARY 

O x  research during the pas t  ysar has besa divided 

in to  four general categories. They are: (1) 3. survey of 

n a t e r i a l s  t o  determine which ones exhibic phototropy, ( 2 )  

Evaluation of t h e  f e a s i b i l i t y  or’ t h e l r  use as coatinr;s for 

s a t e l l i t e  temperature controls, (3 )  Gstimization of t h e i r  

bz’havior :or po ten t i a l  use, and (4) Study of the moc’nznlsifi 

by which phototropy occurs, 

Our survey of m a t e r i a l s  has undergone an a l t e r a t i o n  

i n  objective for  two rsasons, F i r s t ,  the  necessary s t a b i l i t y  

i n  high vacuum i n  outer space has led us t o  concentrate 

a t ten t ion  on mater ia ls  which exhibit  phototropy i n  bulk ra ther  

than a s  supe r f i c i a l  raactions. Secondly, the recognition 

thaz higher bleach temperatures than 7 O o C  ( the  l i m i t  im;?osed 

by the assumption t h a t  the  required bleach temserature xus t  

be equivaleat t o  the operating tenperature fo r  t r a n s i s t o r s  

and other  e lec t ronic  apparatus) has led us t o  examine more 

s tab le  compounds and t h e i r  behavior a t  high tenperatures, 

Feas ib i l i t y  of using ex is t ing  phototropes for p a r t i a l  

s a t sL l i t e  temperature control  has bean demonstrated for  bariuln 

t i tanate-base materials, W e  have shown t h a t  coatings of barium 

t icanate  powder can be applied t o  aluminum panels with the use 

of soii iw s i l ica te  cenent without reducing the phototropic dL@* 
rasponse of the  coating. We have a l so  recognized t e- a t  even 

though changes i n  ref lectance abserved for  many phototropes a r z  

s . z l 1 ,  when coupled w i t h  high i n i t i a l  ref lectance,  the change i n  

. iii 
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. -  -. c ;I-.s a/e r2ti.o may 2rovi.de a s,bs :z.rAkih- ucLzsc i ~ i  cor.krrc,l  

chrough wide exursions i n  t h e  solar constar-t, 

Optimization of pX0peitit.s ' n. e:,:ist;rA3 ghszo:rc?es 
. - .  

-.=.J ad-juszxent of chenical C O Y ~ ~ S L L : Z : -  ,rs bczr& L - -LL--< f r c . .  

o=lr quant i ta t ive measursnents of LLL-:<CX:.C a .. -.c. rJ - ; a c L ~ - z  

k ine t i c s  ar,d the teir2cratures z t  ~.v:;;ck rm C E Z ? C X ~ ~ X ~  o z c ,  LS ~.- . izz  

lzracliztion, Two diz'feren-L procstdures for exc:.;i-nling Ohe p h t o -  

iyo2y with respect t o  cornpsition i n  a given $-Aotot~op have 

'sezn rmognized as  reasonable approaches to  the  opt ixizzzioa 

of properties.  

year and w i l l  be pursued further i n  the con.Li: ytzz. 

, -  

- .  

Both were begun toward the end 'of t h i s  contract  

The survey of materials,  f e a s i b i l i t y  of t h e i r - , s e ,  

and judgement of direct ion of optimizacion have beer, bzsed 

02 quant i ta t ive measurements of:  refleccance changes u;,der 

i r r zd ia t ion ,  thermal r eve r s ib i l i t y  i n  the dark and under i r r a -  

alaxion, and the k ine t i c s  of darkeaing and bleach reactLans, 

These itleasurements have been supplemeate2 by: conhcc lv i ty  

nsasurements I oxidation and reductic2 effeccs , the  de?ezderxz 

of darkening and bleaching ra tes  on tks 4,avelengC-i of izraiLs;;o:-, 

and the  ref lectance spectra a t  l o w  temperatures as  well as roo;i; 

te-nperature t o  provide information on 7;he mzchanisn or' i3hotozropy. 

These data  have shown tha t  the  absorbing cancers produced i n  

t i tznate-base phototropes a re  e i tke r  highly local ized ( t h a t  che 

j u Y . 2  distance between t r s p p i n g  sites a r e  vary s k r t  ranzje) az 

t ha t  the migrating species i s  chargeless. 

exci tons,  polaronsI o r  chargeless i n t e r s t i t i a l  ions a r e  the 

respoilsible species i n  fur thsr  studies.  

W e  hope to  deterizLna L V L Z L ~ ~  

iv 
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I. INTRODUCTION . 

During the past year the criteria u n which ixaterrla 

selection for practical satellite texperature control w c e  

based have been re-examined. 
t'nat the upper temperatura limit st which .Lne CoiItrollirig 

phototropic material could operate was in the range of 7OoC, 

Pi-- L ~ S  * 

zt which transistors and other electronic apparatus would 

opsrate reliably. Because the tempsrature of the satellite 

is an average of the surface temperatures or' the bright side 

qnd the dark side, ft is clear that Yne temperature of the 

bright side can be somewhat above 7 O o C  while inaintaining the 

interior temperature at 7OoC. 

on the satellite on which the phototropic material and non- 

it had previocsly been ZSSATEZ 

texperature was selected from the maximum temperature 

0 
\ 

By utilizing appropriate areus 

- phototropic materials are distributed, it is possible t o  

operate the satellite at a desired temperature w5ile the 

controlling phototropic material could operate at a signifi- 

candy higher temperature. 

ture is achieved by simply selecting the relative area 
required in order to permit the controlling photorropic 

material to operate at its required tempsrature, with the 

bleaching. rate in equilibrium with the darkening rate, 

02 zhe limitations-encountered so far in screening materials 

T o r  poteDtial use was that the bleach temperatures or reversal 

teaperatures were apparently higher than 7OoC. In fact, for 

most of the materials examined, they either did not bleach 

within the temperature range investigated or increased in 

-1 ---. 

The appropriate satellite tempera- 

One 

b 

b 
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. .  c,,..c;.ning r a t e  with i : A ~ ~ ~ ~ ~ i i : b  ce::.-;E:acure w; L:--:A L::? :;;-.ge c: 

~ ~ - , - ~ z z c t u z s s  investigated- For tkc phototropic macezial LO 

z o ~ c r o l  czzpsrature, i t  must ;;;iciez<D chez.;:z- ~ ~ ~ ~ c ~ i i ~ ~  ---A 
~ c s t  be o p r a t c d  a t  a temperature zzzsc I,<>L.~-L c>s ';lz:hc-.,Aig 

- .  - .  

, zzts and darkening r a t e  a re  near ly  in equillSz2,i.z. ,,---,-. . . -  yccogniclon t h a t  the phototzo2Lc ~ . : ~ - x i ~ ~  CG.. 16 c - ; ~  ::.-: 3 k 2 

1- higher texperature and s t i l l  pLovide zempraturc co:it;col for  
-----.. 

I ths s a t s l l i t e ,  the l i t e r a t u r e  was re-examined to deLEz.-.-.k.e .- 
knov.ci therinal bleaching character is t ics  for shototropie 

c s t e r i a l s ,  It was learned that  a significai:t;y l a r se r  body 

of l i t e r a t u r e  e x i s t s  on phototropic mater ia ls  ar-d theiz  

Llzzching behavior than was appreciated ae thc- beginning 

04 the year. 

0 

With the Eestateinent of the c r i t e r i a  upon w h i c h  

z:terial select ion can be made, the exprirnental  progrm. 

14,s aodir'ied i n  order t o  investigate the higher tempsrature 

ekaracter is t ics  of phototropes, The higher temperature 

exparimental work which has been undertaken has provided us 

with several important r e su l t s  w i t h  respect t o  the oSjec-' LlVEs 

of t h i s  program: 

1. By u t i l i z i n g  a coatincj consis t ing of cwo mater ia ls  

t o  control the temperature t o  a bleach temperature i n  an ex is t -  

i n g  phototrope, some temperature control  i s  now possible,  

2. By extending the survey t o  higher temperatures, 

rcost materials have been found t o  undergo thermal bleaching: 

sczz materials undergo fur ther  darkening. The l a t t e r  a re  

u:r.si?itable f o r  cyclic temperature control.  

b .  

2 
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- , -  3 ,  The C P r i . ~ l ~ > : 5 ~ ~  c; 21~.---L:. :In Zk?lC1, \c,,.;zvec: 
w 

t ic :he higher texpsratures) >as i-&dica-,ed t;:, r,z~s;:?-:?-ity 02 

o_szl;nizing tk;e bleachin9 bi:xL r i o r  f e r  t z ~ . ~ n z r : . ~ c ~ r c  zo 
- 

3uring t h i s  _vex  wz have c ;:?z ir z;' L;nt 
. -  d i s t inc t ion  between phototropy as  a sdpsrfic~~, ,heno:.-.e:-.an 

For t:?c --- -..G ---,--- ~ L L  -.c-s . -  - \'w7kLC>& e ~ ~ ~ i ~ ~ t  

phosot-rogy a t  the surfaces ,  it has Sczn r e p r z e d  i n  the  

l i t e r a t u r e  tha t  these a re  frequently stroi-qiy dependc;-.t 

upon t'ne enviroment,  

d i f f e ren t  behavior i n  the hard vacuum i n  ssace i-. coaparison 

with laboratory experimental work, phototropic mater ia ls  

w i t h  only super f ic ia l  reacrion have been given low y ioz . i t y  

with respect  t o  the objective of this program. 

mater ia l s  which exhibi t  phototropy i n  buik, which zre  szabld 

wich respect  t o  a space enviromeat ur, t o  several  hufidred ?.ies:-'ss 

si-d as  2 bulk phenor;;sr,on, 

As a conseqzence of the ant ic ipated 

0 f 

As a e s z o l l c ~ ~ l ,  

. Ce-iltigzzde would a p p a r  to be suitable fo r  loizg-2irc.a s e z a l l l h  

' taxparature control. Consequently, the pzogrezrn 501- ti?$ e l ~ c i -  

dat ion of phototropy mechanisms has been focassed G% saterz.c.,s . -  

which exhibi t  phototropy i n  Sulk, 
The phototropic behavior 02 glasses  has been a t t r i bxke i  

i n  a nurrber of cases to the  presence of pairs  of irnpurFCFes 

rzicker than single  impurities, 

tioil r e s u l t s  presmabiy froin electron t ransfer  between pa i r s  

of impurity or  addi-tive ions, 

~ k e  spec t ra l  transmission of both, 

p r i a t e  addi t ives  suggests t h s t  t h s  c rys t a l l i ne  hosts  f o r  such 

defec ts ,  which i n  the work psrfomtd thus f a r  have bselz doped 

w i t h  single addi t ives ,  night also exhibi t  enhanced p b t o t r o p y  

i f  ? a i r s  of addi t ives  were introdceed, I n  general ,  for  the 

The a l t e r a t ion  under i r rad ia-  

Tns electron trarisfer then alters 

The need f o r  p i r s  of appro- 
. I  

a 

3 



glasses a;zd crystalline materials w'. 

tropy, there are pairs of ions present which can undergo change 
in valence. Thus, in the titanates the interaction msy result 
between single impurities or additives and the tltai-iim Fans i:L 

the satrfx. Phototropy may zlso r e s u l t  in pure stolchi~..~~txLc 

*!I have exhlbitcd pkoto- 

,pateriais because of the presence of anion vacancies at W:iLC:-. 

electrons can be trapped. Because of the multiplicity of 

kir.ds of defects between which electron transfer can cause 

optical changes, it is now appreciated that the need f o r  this 

program is for a specific statement of the kinds of matrices 
B ~ d i  defects from which maximum phototropic response can ba 

achieved. The program on the investigation of the mechanism 
of pkototropy and on the survey of dopants and hosts. was re- 

aligned to this objective. 

. 

4 
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11, GENERAL PHOTOTROPIC XWJAGX IN r7may:ox TO XASIL,, 
SATELLITE TEMPERATURE CONTROL SYSTZMS 

In t 3 e  previous year, p3ototropy was coiisrldcrcd 

as an isolated phenomenon. Tne distinction b.:-hc?e:: p:-,oz- 

phors , thernoluminescent materials act', ~ h o t o t . = o ; x s  is ;-.:t 

clear-cut. Consequently, the physical interpretatioz 02 

95ocotropy can be greatly strengthened by the rczlization 

tha t  considerably greater effort has been ex2ended 02 

phosphors and that the differences between the,concentra- 

tion and stability of trapping levels and the ‘specificity 

of emissive decay are only minor alserations on t3e bzoad 

basis of band theory and defect states on whi’ch all of chest 

phenomena may be qualitatively understood. 

There are several different ways in which the 

optical transmission can change under irradiation (1) , 

OLie typical change is a shift in an absorption peak that 

sxists in the middle of a transmission region. Another 

ckazge is to introduce an absorption paak in the middle 

of the spectrum of interest where none existed previously. 

The third typical change in transmission might be a change 

in the dispersion at the absorption edge, Another change 

observed in some glasses is to decrease the u.v, absorpcion 

while increasing the absorption in wavelengths beyond tke 

u,v, cut-off. Finally, some materials exhibit absorption 

of fairly uniform magnitude over a wide range of wavelengths, 

These are the kinds of absorption property changes obsc:-Jed 
in typical phototropic materials, U s e  as a suitable satellite 

5 
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temperature control  material  is dependent upon a su f f i c i en t ly  

large thermally reversible  chanje i n  absorption coef f ic isr- t .  

I n  addition t o  the thermal bleaching w3ich has been 

, reported for a nunber of materials t h a t  exhibi t  phototropic 

belrzvior, it has a l so  been observed t h a t  i n  general  a longer 

wavelength i r rad ia t ion  than t h e  wavelength required fo r  the 

darkening react ion w i l l  bleach the mater ia l  (1). For instance 

inagnesium oxide with i ron impurity has been reported t o  undergo 

a colorat ion on exposure t o  X-rays w;?ich bleaches o u t  e n t i r e l y  

if the sample i s  exposed t o  normal room il lumination a t  roon 

femperature ( 2 )  . Hackmenite, has a lso  been repOrted t o  undergo 

a sticons red colorat ion upon exposure t o  an i ron spark which 

bleaches completely with 30 seconds exposure t o  a tungsten 

lanp a t  roon temperature ( 3 ) -  Uranium and iron-bearing 

glazes which a l so  contain titanium have been reported t o  

undergo bleaching o r  a reduction i n  colorat ion upon exposare 

to normal i l lumination (4). Coloration is  restored upon 

storage i n  the dark fo r  a period of a day i n  roon temperature. 

Similar color bleaching was observed i n  one of the glasses  

prepared and described below during i l lumination t o  a norlnal 

so la r  spectrum. For t h i s  reason, it would appear t ha t  the 

i l lumination under nonna'l sunlight i s  a more r e s t r i c t i v e  

c r i t e r i o n  for  the occurrence of phototropy than i s  necessary 

fo r  t he  fabricat ion of workable control  systems. For instance,  

if a mater ia l  i n  which phototropy is  inhibi ted by the s imul-  

taneous i r r ad ia t ion  by a11 of the longer wavelengths which 

occur i n  the solar spectrum were used beneath band pass 

f i l t e r ,  the  darkening reaction could be s igni f icant ly  enhanced 

---. '.l 

0 
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52cause of the exclusion of t h e  lonser wavelengths.vhic5 

would ordinar i ly  cause bleaching, The use of such .a band 

;?ass f i l t e r  would reduce the t o t a l  anount of energy upon 

which the control  systen is working and would consequen=ly 

reduce the t o t a l  temperature control possible. 

t h a t  phototropic mater ia ls  exis t  which would normally bleacL 

with longer wavelength i r rad ia t ion  means t h a t  the spec t ra l  

dependence of darkening and bleaching mus t  be rpeasured t o  

character ize  phototropes. 

Recognizing 

. !  
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Iii. SURVEY WORX 

. 
b 

. 

. 

Our survey work during this year ineludsd mezsure- 

M ~ ~ S S  on glasses, on s o l i d  solutions of sodium chloride and 

silver chloride, on mercury s a l t s ,  various lots of barium, 
ski-onti-ai, and calcium titanates oStained from TAM, arA 

organic compounds with potential use as a ceinent for inorganic 

materials, and finally of the effect of coating, techniques 

on phototropy in barium titanate lots which had exhibited 

,the highest phototropy observed to date. 

Tne sodid chloride-silver chloride solid .solutions 
\ 

wsre prepared in thk composition range from 0-15 mol % 

silver chloride, Stokes observed that sodium chloride silver 

chloride homogeneous solid solutions formed at high ternpera- 

tures exhibited ex-solution at low temperatures with the 

peak temserature of the two-phase region at apsroximately 

183OC, He also noted that at roorn tenperature sarnples 

exposed to light exhibited photosensitivity. The work 

performed here was based on an assessrnent of the usual 

shape of the two-phase region to bs expected from typical 

ex-solution behavior. Typically, the temperature at which 

the system changes from a single phase. equilibrium structure 

to a two-phase equilibrium structure will decraase with 

change in composition away from the maximum. Consequently, 

since the maximum temperature was known to be 18OoC at 

-50 no1 % silver chloride, compositions containing small 

anounts of silver chloride were investigated to determine 

3 

at what composition the photosensitivity occurred at rooin 

8 
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tanpzrature. 

. t h a  mixture which was precipi ta ted by a photoactivated 
Teaction would upon increasing absorbsnce t a u  t o  r a i s e  

the teinparature Sack t o  t h a  phase boundary a t  w3ich the 

precipi ta ted component w o ~ l d  re-enter so l id  solution, 

It w a s  anticipated tha t  for  po ten t ia l  use, 

. 

. . 

Mixtures 04  sodiwn c3lorlde znii silver chior ide 

wdre melted a t  high teinpcratures and then slowly cooled. 
r-r *ns samples were crushed and pressed with Lucite t o  form 

p e l l e t s  for  ref lectance measureinents. The ref lectances 

were run  a s  cooled and a f t e r  exposure t o  the standard solar  

source, Samples containing less  than 10  wt % s i lvkr  chlor ide 

did not exhibi t  any change i n  ref lectance upon exposure 

a t  room teinperature. 

s i l v e r  chloride exhibited substant ia l  darkening a s  shown 

0 
', 

Tie sansles containing 1 5  mol % 

. 

i n  Figure 1, 

equilibrium ref lectance as a function of teinperature or  

W e  have not completed measurements on 

bleaching charac te r i s t ics  t o  dstermine the  u t i i i t y  of t h i s  

material .  

a. Crystal l ine Materials 

We have measured the i n i t i a l  ref lectance and the 

darkening behavior i n  lead t i t ana te  ceramics, cerium t i t a n a t e  

ceramics, iron-doped ceramics and copper-doped barium t i t a n a t e s  

i n  addition t o  some preliminary work on mixtures of strontiu-n 

and bar iu in  t i t ana tes .  The ref lectancas,  the change i n  ref1ec.- 

tancs ,  and maximum change i n  absorbance (1-R) for  these matei- 

0 , 

als a r e  shown i n  Table I. For most of these mater ia ls  the 

changes i n  ref lectance are insuff ic ient  o r  the i n i t i a l  

9 
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TABLZ I . 

Phototropic P.espo~-s  9f Soma 
Surveyed Materials 

R% AR% Absorbance" 

90 8 1.8: 1 P b T i O  

45 . 2 1.1: 1 CaTiO 

Sr-BaTiO mixe,s 1) 85 20 , 2,3:1 

3 

3 

3 

2) 50 10 I. 2: 1 

3 B a T i O  

so Co,mercial Grade 
40 
5 0  

3 :  i 
4: 1 

High Pur i ty  ' 

95  12 3: 1 
{9* 12 8: 1 

CaTiO pure ' ,  88 28 3-3:  1 
3 

*Ratio of absorbance i n  darkened s t a t e  t o  absorbance i n  
bleached s t a t e  

a 
. 

il 



rGZl.ectai:c.=s a re  too low t G  S ~ O W  pcornise for potziTtiaL 

use i n  s a t e l l i t e  tempra ture  ccntrcll i n  comparison wieh 

the  e f f ec t s  observed i n  barium ti tailztz.  S t ron t iu i  Litan- 

ate-barixn t i t a n a t e  mixtures were prepared Secause it  

was oSserved t h a t  therrnal bleaching i n  3srium t i t a n a t e  

ccirxi6ed w i t h  the Curie tempsrature (ILS'C) - A34iS;ions 

of stroiitium t i t a n a t e  t o  the barium t i t a n a t e  lower the 

t r ans i t i on  temperature . Assuiit irLg t h a t  the bleaching pro- 

c z s s  i s  associated with enhancd e l e c t r i c a l  cord!uc"Lon a t  

5 

th2 t r ans i t i on ,  the bleach tempxcture wouid also be 

reduced by addition of strontium t i t ana te .  P a r t i a l  bleach- 

ing does occur a t  7'8'C, though t o t a l  recovery w a s  n o t ,  

o5served u n t i l  the  temparature was raised t o  125'C. 

not know whether these samples w e r e  comsletely reacted. 

The behavior may r e s u l t  from t h e  f a c t  t h a t  material  i s  two- 

phase, I n  our survey work t o  date strontium t i t a n a t e  has 

cons is ten t ly  exhibited lower changes i n  ref lectance on 

i r r a d i a t i o n  i n  both pure and doped s ta tes .  

W e  do 

Other materials which we have examined include 

Titanox, (a commercial T i 0  ) which was prepared w i t h  a 2 
L x i t e  binder. . Equilibrium reflectance ineasurements were 

conducted as a function of temperature, The naximum ref lec-  

Lc-zce change observed is  of the order of 8% with a- recovary 

af approximately 6% i n  going f r o m  7C'C t o  125OC under full 

--. 
. ,  

0 so la r  exposure. C a l c i u m  t i t ana te  specimens w e r e  p r e p r e d  

by f i r i n g  at ll0O'C and exhibited a ra ther  large change i n  

reflectance.  A change of approximately 40% a t  room temperature 

1 2  



5, Glasses 

wds fur ther  increased upon axposurz a-t higher teingerG- 
4.. cures, That i s ,  the calcium t i tana te  dDes'not exhib i t  

bleaching a t  higher temperatures b u t  enchanced darkening 

up t o  a tenperature of 18OoC.  Another sar.ple consis"Liiq 

of TAN 80-10-10 (80% BaTi03, 10% S r T i O  10% C a Z r O  ) exhi- 
3' 3 

b i t e d  a high i n i t i a l  reflectance,  it also unserwent s ~ t - ~ r a -  

t i o n  darkening within ten minutes, and p a r t i a l  recovzry 

af  7OCC,  

4 5 - C  and TAY 80-10-10 i n  the r a t i o  35 2:1, Exhibited 

sa tura t ion  darkening within 1 0  inins a t  3OoC buc'only 4% 

gecavery a t  temperatures up t o  175OC- 

A sample fabricated from Sariun t i t a n a t e  l o t  

r 

1 

. 
References i n  the l i t e r a t u r e  t o  darkening of 

g lasses  under normal so l a r  i r rad ia t ion  a re  numerous (6), 

Extensive work was performad around 1930 on the darkening 

process i n  glasses. Most of t h i s  work had e s sen t i a l ly  

opsosi te  goals than the prese3t progran; t ha t  i s ,  the t rans-  

parency or  color s t a b i l i t y  was desired t o  be retained during 

exys i l re  t o  so la r  i r rad ia t ion ,  Tno coloration i n  most glasses  . 

i s  due t o  the presence of arsenic o r  vanadiuii o r  bisnuth 

i ron  o r  manganese (oxides) i n  combination with cerium 
' ,  

,oxide,  Cerium is normally introdwad as  a decolorizer t o  - 

supress the colors introduced by impurities. Upon i r rad ia-  

t i o n  the re  is ap2arently an electron t r ans fe r  between csrium 

and one of the other impurities which causes a s h i f t  i n  the  

i3 
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absorption spectrum. Unfortunately, most of the work reported 

on glasses  i s  qual i ta t ive.  ?“ne exposures may have ranged Erom 

periods of days t o  months under normal atmospheric conditions, 

and %he appropriate salaction of adclikivae ko tha cjlitae was 

based on suppression of coloration. As a conseqdence, changes 

in 3 -  absorption coef f ic ien t  are  but r a re ly  reported and fur ther  

the spec t ra l  d i s t r ibu t ions  of t h e  changes occurring w i t h  i r r a -  

d ia t ion  a r e  not generally available. A few glasses  have been 

developed w h i c h  undergo “intense” colorat ion i n  a short  in te r -  

va l  of t i m e ,  They have been used t o  determine the radiat ion 

in t ens i ty  a t  weather s ta t ions.  The glasses  reported by Weyl (6) 

for  t h i s  purpose were essent ia l ly  taken from the Eckert and I 

Schmidt’s report  ( 7 ) .  

There has been l i t t l e  information about the speed 

with which the darkening reaction occurs and whether satura- 

t i on  occurs i n  a f a i r l y  short  period of t i m e .  

Several glasses  have been spec i f ica l ly  developed 

for  use as rad ia t ion  monitors; these exhibi t  essent ia l ly  

l inear  change i n  absorption coeff ic ients  a t  a spec i f ic  wave- 

length upon exposure t o  gamma-rays o r  X-rays. 

r e l a t i o n  (on a log-log plot)  of absorption versus exposure 

has been observed up t o  10 R. 

A l inear  

‘7 

A number of glasses  were prepared during th i s  year 

and the  da,rkening and bleaching and the thermal e f f e c t  on 

bleaching were investigated. The compositions a re  given i n  

quarter ly  reports  6 and 7, 

fo r  the  samples prepared here was not i n  exact agreement with 

data  reported i n  the l i t e ra ture ,  The e f f e c t  of changing arsenic  

t o  c e r i a  r a t i o s  w a s  a l so  not i n  accord with the  e,ffects reported 

The ref lectance o r  transmittance 

14 
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6 i n  the l i t e r a t u r e  . A l l  glasses investigated were found t o  

darken under ul t ra-violet  i r radiat ion.  The maximum change 

ir, ref lectance occurred a t  the spsc t r a l  region near the LV cut- 

o z z ;  the  change observed was approximately 45%, Wer m s s t  03 

the spec t ra l  region investigated,  450-650 millimicrons, Sie 

- -  

'ckazge i n  ref lectance w a s  small,  is s i c c t r a ~  chznc_-z , y . r i - - - -  c. 

maximum change i n  absorption eoef f i c i e n t  naar the -W cut-of E 
8 i s  essent ia l ly  ider , t ical  to t3a e f f e c t s  rep0zte.d by Rindona 

who invest igated the e f f ec t s  of c3anging base g lass  composi- 

t ion  and the subst i tut ion of various a l k a l i  and a lka l ine  e s r t h  

oxides. Qual i ta t ively the e f fec ts  a r e  well  reproduced, The 

exact response o r  change with compositional change is  not 

general ly  reproduced. 

e 

Wayl' has reviewed the general  e f f e c t s  i n  glasses  

and concluded t h a t  the presence of titanium enhanced the r a t e  

and maximum solar izat ion.  

t h a t  the presence of t i t an ium diminished both the r a t e  and the 

maximum solar izat ion.  

intermediate and whether the titanium has a specif ic  e f f e c t  

On the other hand, Rindone8 found 

T.2 effect observed here was essent ia l ly  

cannot be resolved. 

data reported i n  the l i t e r a tu re  t h a t  i n  s i l i c a t e  base g lasses ,  

the r a t e  of approach t o  saturat ion and the  change i n  ref lectance 

o r  transmission over most o f  the  v i s ib l e  spectr-m i s  small. 

We do not know what the saturat ion darkening would be b u t  it 

appears unreasonable t o  atternst t o  determine saturat ion values 

bbased on the observed changes i n  the t i m e  i n t e rva l  avai lable  

I n  general our r e s u l t s  agree with other  

a 
, '  for  measurement. While use for temperature control  f o r  space 

probes does not require a very rapid approach t o  sa tura t ion ,  

15 

' .  



'. . 1. 

s--*:?crinantal invastigatLon 35 hese l o w  res-ctior- ;r.ztd;',c,s . -  
-._ 

Zoc?s not appear t o  be w a x a n t a d .  

Glasses were prepare2 with 2 phos-Aate base actLvate.2 

by s i l v e r  phosphate. (Reported ir. t2;e l i t e r a t u r e  for c s e  as 

a monitor 

successive t h e  i n t e rvs l s  t o  tl-.e G d  ss .xcs ,  -GC ~ ~ i - - c - t s ~ ~ ~ c  

decreases t o  30-40% within 240 minutes. After darkenirq,  t h  

szixple was heated t o  300°C t o  determine w3e-ther.or not it woxlC 

thermally bleach. 

ases by an addi t ional  15%. Tnis sagg-ests t h a t  the r rz ter ia l  

i s  act ing a s  a photosensitive glass rather  than a s  a 23oto- 

",:,-ope; the subseqtlent darkening wizh haat treatrnen-i 2zsbzbly 

rssults from the  precipi ta t ior .  of s i lver .  CrystailFzEL- seg- 

ments of t h i s  same material  decreased i n  ref lectance ts a val ix  

for  5 g h  energy radizt ion,)  , U9Dn e x p o s - ~ ~  - J L  c .-- 
. -  - -  

Instead of b l e z z h i q  the r e f l e c  Zance Zecze- 

of about 35% a t  500 xil l imicrons cpon exposure tc UT'. -7  ~ p o n  

exposure while heating a t  7 5 ,  1 2 5 ,  and 1 5 O o C  the sariple 

exhibited fur ther  darkeni?g rather ehan bleaching, 

bleaching a t  3OO0C the reflectance increased i n  a s p x t r a i  

region above 500 millimicrons a s  expected for  a typ lca l  zherrncl 

bleaching process. For t h i s  glass 7;he darkening prrocess i s  

s l i g h t l y  thermally act ivated as has baen observed for  a :--umber 

of phototropic mater ia ls  

U p > x  3azk 

9 

Another base glass  coxposition consisted of a bismuth- 

lead-borate with 2,4% tri-oxide. This base i s  l e s s  in te res t ing  

~ h z r i  other  mater ia ls  under investigation &cause i t s  W cut-of5 

oczurs a t  appoximately 450 nillimicrons. Consecpentiy, the 

t o t a l  area within the solar spectrain fo r  which a cl?a:qe in 

, absorption coeff ic ient  can occur i s  smaller and, therefora ,  t h  

energy balance change is  a l so  smaller. Upon W exposure, the 

. .  
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sample kxhibited only 4% char.%= i-: transmittance GL 65 3..x1r~ 

exposure, 
a r t i f i c i a l  darkening., 

TIIS sample was then expssed t o  50 XV X-rzid 2ar 

Y ~ C I Z  e~,-?osa.re t o  10,000 Roer.tpna thz 

. .  

structurql asjpcts (wliich are poorly clefinad I,i 

. 

may govern. the behavior, 
I 1  
LJ 

. .  . .' 

, .  . .  

. .  

. .  

I .  



c 

. 
a. Coating 

In'orde';: to. 
. .  coatings ~5 'sar2.z.n t ikzi~z-k,  5.x) L-- G LL. .L  "LL.*:,Lc~ -3. .. - - +. 3 

&sioyed for  aff ixing ka r i c s ,  t i t ana te  pcw~zr  c a a ~ - ~ , ~ i ~ s  t o  

a$.nr.inum panels, ALumkum pecels wa2.e rolxg5eried ay. L Y . . ? ~  

brasking and then submitted t o  TAM ' f o r  flame sprayin:. F: m e -  

sprayed coatings ,were formed from a lot of barim. ti"cnat:a 
- : 
which had exhibited high p3ototropic resl?onse, ' A l l  of tks 

caat lngs exhibited k darker gray color t h a  Lz.9 

2-7served i n  any of the f i r e d  cexmlcs pze2arec2 ZZG::. -._. * 

- ::.e ~ o - L ,  

I . .  
1 

r .. 

s i ey  a l so  exhib'ited mucli lower q . ~ .  f ~ > r  r-.. 
I .  s ta tes  and very mcch s a a X a r  

e%e,n,c,-es i n  ref lectance upon exposure t o  standard solzr sourc .  

.~r'leatar.ce decreased' fro;:, 

to approxrmately 61% i n  the spectral  r@c- 

from 400-650 millimicrons, 

It  i s  not  known wlly the heat treakme:,, given i.-i f1az.e 

spraying so drds t i ca l ly  changes the phctotropy exhibited by . .  
\Y 

, barium t i t ana te ,  'However, i t  ; Ippars  tic present t h a t  t h i s  is 

-:cc a feasible technique for csplyLnc_. b a r i ~ x  t i t a n a l e  coatings 
' C  

sl.urninan* Gther coatings were cli.qi.ied t o  roughaned: zLurninuin 

;iates by coating the aluminum witk waterglass, (sodiux si l icate) 

and the 5 sprinkling the barium t i t a n a t e  powder onto the wet ' 

sodium sil icate layer. These panels w e r e  then dried and the  

reflectance was measured as formed and a f t e r  exposure .. for various 
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b, Reproducibility i n  Bariam Titalza-te C e r c : i f . i  .. 

One of the problems with e i the r  the use of 'mater ia l s  

$or s s t e l l l t e  tempyature control or  To:? tihe resezr: --, 2 t a  

tpe  mzc3anism of p r k e r t y  behavior is associated wi 3 ?hc ger-ez;,: 
I 

reproducibi l i ty  of given sets  of rneasxrements. 3prL. ds.:- .:in2 - .  
< 

I -.-' - .- 
C--l;L -the corraercial grade S a r i m  t i t a n a t e  apgears -Lo bs the -.: - 
-:ZL Asing mater ia l  surveyed, ws o3tained various lots c.F: ZOZYL- E -- 
c:::.: a a t e r i h l  to 8etermim the reprodacibi l i ty ,  Wa havs ~ l s - ,  

,.-- - ~ . - ~ i ~ - . , e c ?  _- - 
c: tr3d s-pcz+ .frqm these and also Iiave secured s o m  -- . ~ - C L  83'- 

sLcy hot-pressed barium specimens for property measurene3's. 

Tie i n i t i a l  ref lectance,  the kinetics of darkening and 5 . 2  

sakuration darkening wsre equivalent t o  within a few p e x e n t  

ref iectance,  With the c5ernical analyses af these respeczive 

spec i r~er~s  we hoped t o  be able t o  de-.emine w h i c h  of the vG:rio-.-.s 

impuritie's' s resent  are responsible for the phototropic Se5aviox 

of t he  commercial grade material. ijo2ing a high p u r i t :  ..aterf:- 

may give evsn higher changes i n  ref lectance than we now GStaiz 

i;? comnercial grade material, Reflectance and ref lectance changes 

high purity barium t i t ana te  i n  pow$-ered fom a?.< f 

*.,I 

CZ;I bs held t o  within a ' f e w  percent from sample to sample and l o t  
. .  . .  

. ,  . 

. .  
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6 .  

require  a s l i g h t l y  higher temperature i n  order t o  rsc0ve.r t:.- 

full i n i t i a l  ref lectance ,. a t p i c a l  curve f o r  darker.F~*:; is 

shown i n  Figure 2, 

Sleaching is showr, i r s  Figure 3 anC saverzl curves 2t 6!lfferL- . 

Typical curves fo r  recover1 wit:-. C - -  - 

ternperatiires f o r  f u l l  splar i r r ad ia t ioa  are s'r,zwfi 17 P - - v  +,re 

. 
. .  
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PHOTOTROPY I N  BARIUM TITANATE 

a. Firing Atmosphere Effects On Reproducihil.ity 

A sample which had been f i r e d  i n  an oxidizing atmos- 

pllere was reduced by re-heating a t  1200°C i n  a vacuum furnace. 

Tine ref lectances i n  the  oxidized and reduced s t a t e s  a re  shown 

i n  Figure 5. A small change i n  i n i t i a l  ref lectance is  observed 

p t  390-450 millimicrons. 

i n i t i a l  ref lectance i s  depressed by 15% upon f i r i n g  i n  vacuurn. 

Tne spec t ra l  ref lectance beyond 450 millimicrons is  e s sen t i a l ly  

Within t h i s  wavelength region the 

0 
unchanged. The phototropic darkening under full so lar  i r rad ia-  

t i on  f o r  the reduced s t a t e  i s  also shown i n  Figure 5. I t  i s  

essent ia l ly  equivalent t o  tha t  observed i n  the oxidized 

specimens i n  Figure 2, Neither the r a t e  of change nor t o t a l  

darkening w a s  effected by the  reducing treatment. 

we may conclude t h a t  the reproducibi l i ty  i n  f i r i n g  barium 

t i t a n a t e  ceramics i s  not  strongly sens i t ive  t o  furnace atmos- 

From t h i s  

phere control,  Sinter ing was also attempted i n  10  atmospheres 

of oxygen. This w a s  unsuccessful because of f a i l u r e  of the  

* furnace heating winding, We had hoped t o  increase the  re f lec-  

tance i n  the region of 390-450 millimicrons by oxygen f i r i n g ,  

The s e n s i t i v i t y  t o  f i r i ng  treatment was a l so  examined 

Standard f i r i n g s  with respect  t o  f i r i n g  temperature and time. 

have been conducted a t  12OO0C for  approximately one and one-half 

hours or  fo r  prolonged periods of time (72 hours a t  1262'C). 

(Figure 6 )  The i n i t i a l  reflectance of the as-f i red specimens 

of commercial barium t i t ana te  decreased t o  approximately 30% 

0 

i n  comparison to 80% for the  normal f i r i n g  cycle, Furthermore, 

.. 
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the  phototropic response measured by the change i n  ref lectance 

upon so lar  i r rad ia t ion  is signif icant ly  decreased. I t  is out 

feel ing t h a t  the reduced reflectance is due t o  a reduction in 

porosi ty  and the associated scat ter ing coef f ic ien ts  w i t h  pra- 

longed f i r ing.  Upon prolonged f i r i n g ,  the pores trapped w i t h i n  

the gra ins  would agglomerate as has been shown i n  many ceramics. 

Pore agglomeration reduces the sca t te r ing  and p e r m i t s  the  

enter ing licjht t o  penetrate t o  f a r  greater  depths within the 

specimens than would occur with higher sca t te r ing  coeff ic ients .  

b, Kinetics of Darkening 

While measuring darkening under so l a r  i r r ad ia t ion  and 

subsequent bleaching, spectral  ref lectances were measured a f t e r  

spec i f i c  time in te rva ls  of exposure. This made it possible to 

analyze the t i m e  dependence of the ref lectance change and 

recovery. For some of the specimens it appears t h a t  the 

darkening react ion exhibited simple f i r s t  order k ine t ics ,  

However, t h i s  has not been found t o  be the general case and a t  

the moment the treatment of the k ine t i c s  of darkening and 

bleaching i s  only empirical. With commercial BaTiO it appears 

t h a t  there  a re  two relaxation times for  the t o t a l  darkening 

react ion (F igdre  2) .  The f i rs t  re laxat ion t i m e , i s  of the order 

of minutes and the second, the order of hours. 

of the  relaxation is  semi-empirical because somewhat a rb i t r a ry  

3'  

Precise analysis  

equilibrium values for i n i t i a l  ref lectance and saturat ion 

darkening must be selected i n  order t o  analyze the  relaxation. 

With two apparent re laxat ion times operative,  a t h i r d  in te r -  

mediate ref lectance value must be assigned or  determined t o  

> 
I '  
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make all of the data self-consistent. 
relaxation time (minutes) only gives 10% reflectance change, 

It was noted that the high purity barium titanate also under- 

went darkening by a relaxation process with a t 32 -e  constani 

of the order of minutes, From this it was concluded t h u L  L e  

comraercial materials pzobably contained two impurities which 

were responsible for the phototropic reactions, one of which 

was present in the high purity barium titanate and the ~ “ c h ~ r  of 

which was not, 

ted with the high purity barium titanate, it was judged that it 

might also exhibit bleaching at a lower temperature than did 

The process of short 

Because of the high reaction rate constant associa- 

’ the commercial material, Consequ-ently, the equilibrium reflec- 

tance for high purity barium titanate was measured as a function 

of temperature, 

report No, 7. At 7OoC the equilibrium reflectance lies approxi- 

The detailed results are given in quarterly 

‘ mately half way between the fully bleached state and the fully 

darkened state for chemically pure barium titanate (TAM Lot 

No. 249). For a11 higher temperatures measured, that is, at 

80°C, 9 0 ° C ,  and higher, the equilibrium reflectance curves 

are superimposed on the reflectance curvs for the fully bleached 

state. From this it was concluded that whatever impurity is 

responsible for the phototropy in <he chemically pure. barium 

titanate conveys much more desirable bleach kinetics for 

potential satellite temperature control, 
’ ,  

Because of the above conclusion that d-ifferent impuri- 

ties ware responsible for  the different kinetics observed in 

commercial and high purity barium titanate, various doping eie- 

rnents were added to high purity barium titanate. to determine. 

28 
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whether the phototropic response could be increased with a 

specific impurity which would yield equilibrium reflect- c.ncc 

recovery at a lower temperature than had b?en observe4 in the 
commercial materials, The first tests have been coniucted wish 

doping elements of iron, manganese, copper, and antimony wXch 

have previously been o5served to cause phototropic rcs,pnse 

in both barium titanate and in pure titania. 

performed by aqueous solutions of soluble salts of the respec- 
The doping was 

tive elements which were mixed in a slurry with the barium titanate. 

This was then dried, calcined, crushed, pressed and fired at 

I l l O O ° C  and at 1350°C. The amount of doping performed included 
0.001 wt %, 0.01 wt % and 0.1 wt % of the respective additives. 

Iron additions of ,001 and -01 w t  % fired at llOO°C 
* 
did not change the extent or rate of darkening from that exhi- 
bited by the high purity undoped material, 

the initial reflectance was decreased for both of these percen- 

tage additions. 

impurity at the W cut-off as reported previously was similarly 

introduced. 

firing at the higher teinperature. Further, tha darkening 

reaction exhibited saturation at ten minutes which was the 

shortest interval of exposure employed. Thus, for the darkening 

reaction it appears that the iron impurity exhibits equivalent 

Upon firing to 135OOC 

The absorption band introduced by the iron 

The extent of darkening was also increased by 

kinetics to that ob served in the high purity material. The 
equilibrium reflectance as a function of temperature after 

darkening did not also exhibit identical behavior with the pure 

barium titanate.. Approximately 5% recovery in reflectance 

occurred at 6OoC, and further recovery was observed with , 

29 
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increasing temperature though only approximately one-half 

of the total reflectance change was recovered at temperatures 

up to 17SoC, which was the highest; tamparature maaaurod- 

results were o5tained with the sample containing 0.1% iron 

though they differ in the quantitative detail. 'A much larger 

response occurred with tlie samples fired at l l O O ° C  for this 

content of iron than for  the smaller iron content.. However, 

essentially no bleaching occurred up, to 120OC. 

fired at 135OoC, the results are shown in Figure 7. 

brium reflectance is decreased more than that exhibited by t'fie 

barium titanate as shown by the curve marked "bleach state". 

The equilibrium reflectance at 3OoC is decreased by approximately 

20%. At successively higher temperatures the equilibrium 

S i m i l a r  

For samples 

The equili- 

1 

ref1,ectance increas'es, recovering approximately 10% at ~ O O O C  

.or.half the total change in reflectance observed. Thus, the 

higher content of iron fired to the higher temperature tends to 

exhibit more recovery of reflectance at lower temperatures than 

do the smaller iron content specimens. Similar results were 

obtained with the antimony-containing specimens. The equilibriuin 

reflectance was consistently decreased, the change in the dispersion 

of the W cutoff was also observed, and the magnitude of change 

in reflectance was increased with each of the antimony additions. 

In contrast to the results obtained with iron additions, the 

fractional recovery upon heating to successively higher tempera- 

tures was much smaller for antimony additions than was exhibited 

by the iron-containing specimens. Therefore, the results are not 

reproduced here. Measurements on the other samples containing 
% 
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doping elements have not been carried through to a state to be 
reproduced at this time. 

C. Phototropy in other lots of Commercial Barium 
Titanate 

In addition to the above doping experiments in high 

purity barium titanate in an attempt to determine which of 

* the various impurities are responsible for the fast and large 

phototropic response, we also obtained other lots of barium 

titanate, 

mens and the initial refxectance, darkening rates, and equilib- 

rium reflectance as a function of temperaturq were briefly 

examined. Lots nos. 53-C, 50-P, and 51-C all exhibited high 

initial reflectance and a change of 20% reflectance within 

10 mins. , with further darkening of approximately 10% reflectance 
with an additional one hour exposure. Lot no, 45-C exhibited 

a much lower initial reflectance and changed by approximately 

10% on exposure. Lot no. 1CN exhibited a very high initial 
reflectance and changed by approximately 5% within 10 mins. 

latter lot, 1CN appears to behave identically to high purity 

materials examined previously. 

These were formed as polycrystalline ceramic speci- e 

The 

Examination of the chemical analyses of the various 

lots upon which measurements have been made reveals no signifi- 

cant difference between the various impurities such as iron, 

manganese, vanadium, or copper considered to be- responsible for 

the phototropic reaction. The largest difference is observed 

with the lot designation 1CN which has a much higher barium 
k 

. . , ’  
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to titanium ratio than the other lots, Consequently, in 

addition to the doping elements already examined, it appears 

that we must also consider changing the barium to titanium 

ratio and observe the effects this has on phototropic response. 
I 

The above results on the effect of the impurities 

on the phototropy in barium titanate appear promising with 

respect to the determination of which impurity causes large I 
I 

phototropic response, fast reaction time, and low bleach tempera- 

tures, However, the observed sensitivity to firing temperature 

suggests that this must be further surveyed in order to charac- 
terize the effects fully. 

temperature is due to the time required for dhe impurities to 

enter solution or whether it is due to the additional pickup 

Whether the sensitivity to firing 
L I 

I 

of impurities from the furnace is not now known. 

d, Pure Barium Titanate 

The spectral response of the initial reflectance 

and the darkening and bleaching for samples prepared with 

high purity barium titanate are not as easily reproducible 

as are those for commercial barium titanate. Changes in 

initial reflectance in the range of 10% have been observed, 

This may result from the fact that the control of contamination 

is more serious for the high purity samples than it i s  for the 

commercial samples, We have prepared far fewer high purity 

specimens than commercial specimens but anticipate achievement 

of equivalent reproducibility as with commercial grade materials. 
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e. Spectral Dependence of Darkening 

The spectral’dependence of darkening has been 
investigated by exposing various barium titanate samples 

to the standard solar source with interference filters 

for the W region and Wratten filters for the visible inter- 

posed between the source and the specimen. 

integrated intensity is drastically reduced through these 
filters, we originally intended to compare the rates of dark- . ening on the basis of equivalent irradiations. We have found 

Because the total 

L 

I 
that unnecessary for kwo reasons. First, reasonable estimates 

of the integrated intensity can be made from the’known trans- 

mission characteristics of the filters. The tran.smissions 

measured on our spectrometer shows good agreement with the 

specifications. It was then possible to select the appropriate 

areas passed by the respective filters from the known distribu- 

tion of our standard light source. A few measurements, however, 

revealed that the intensity effect is decidedly secondary. 

Darkening under the full solar irradiation and through the 

335 mp band-pass filter and a 393 r q ~  band-pass filter were 

equivalent. Thus, for these wavelengths there is sufficient 

energy to activate the sites which contribute to the’phato- 

e 

. 

t ropic  reac,tion. Since the 335 mp, filter transmits signifi- 
calieLy greacer .  &.tux than, .bh+ Ah3 n++, a Q Q q - , ,  & &* w~&&,g~ 

that the rates of darkening are not different by roughly a 
magnitude total flux than the standard solar source. Therefore, 

the discrepancy for the intensity effect on darkening in compari- 
son with the relative fluxes is very large, and is not now 

! 
0 

i . 

< 
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understood. W e  have not yet  considered the implication of 

t h i s  w i t h  respect t o  potential  s a t e l l i t e  temperature control,  
8 

The r a t e  of darkening through a blue f i l t e r  which 

I . peaks a t  430 mp was dras t ica l ly  reduced i n  comparison with 

the  r a t e s  of darkening through the W f i l t e r s  or  the f u l l  I 

I , solar i r rad ia t ion .  Because the others  exhibited no marked 

in t ens i ty  e f f ec t ,  it i s  concluded t h a t  the blue f i l t e r  comes 

very close t o  the  cut-off or  l imit ing energy required t o  

ac t iva t e  the  defects  responsible for  the phototropic reaction, 

Upon exposure thxough a green f i l t e r ,  the  r e s u l t s  were simply ' .  

scattered. There'was not a consistent darkening o r  bleaching 

amid the 5% s c a t t e r  exhibited by the  successive measurements, 

,From t h i s  it is  concluded t h a t  a l l  of the  wavelengths trans- 

mitted by the  green f i l t e r  are of i n su f f i c i en t  energy t o  

ac t iva t e  the si tes responsible fo r  phototropy. Since the 

peak transmission of the  blue f i l t e r  was a t  430 xn@ with i t s  

lower wavelength cutoff a t  about 400, t h i s  places the energy 

l i m i t  f o r  the  ac t iva t ing  radiation a t  approximately 400-430 mp. 

e 

. 

. 

f ,  Spectral  Dependence of Bleaching 

1 

A commercial barium t i t a n a t e  sample w a s  darkened 1- . 
t o  saturat ion under the f u l l  so la r  source, The pre-darkened 

sample was then i r rad ia ted  through the red and green f i l t e r s  

successively. Exposure through the  red f i l t e r  did . not provide 

any bleaching, Exposure through the green f i l t e r  did not 
c 

s provide any bleaching, 
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VI MECW4NI SM OF PHOTOTROPY 

The above results required that we modify the proposed 

mechanism for phototropy in barium titanate upon which our experi- 

pental program was based. It had been assumed possible for the 

phototropic reaction to take place by the removal of an electron 

from an oxygen vacancy with subsequent trapping of that 

electron at a titanium site changing the titanium valence 

from four to three, 

be due to conduction within "d" shells of titanium. 

with elevation of electrons from the valence band to the oxygen 

ion vacancy: broad absorption would be possible by conduction 

of the positive holes in the valence band, It is well, known 

that reduced barium titanate contains excess anion vacancies, 

The broad band absorption change could 

Alternately, 

1 

with an appropriate number of titanium ions changing in valence. 

1 If the broad band absorption were due to conduction through the 

'Id" shells in the titanium, our samples given reducing heat 

treatment (Figure 5 )  should have exhibited uniform reflectance 

changes similar to the phototropic darkening. Instead there 

was only the narrow band between 390-450 millimicrons in which 

the reflectance was decreased with reducing treatment. The 

influence of impurities and particularly the interpretations 

that iron,or manganese or antimony or vanadium are necessary 

additives for enhanced phototropy in barium titanate suggest 

that conduction through titanium "d" shell levels is not 0 
responsible for the phototropic reaction, If we assume then 
that the impurities introduced additional energy levels within 

36 
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the  band s t ruc ture  another possible phototropic react ion 

can occur by the t ransfer  of e lectrons between these respect ive 

impurity levels.  

absorption would take place by the subsequent elevation of 

Wa had'assumed e a r l i e r  t h a t  the broad band 

electrons from donor t raps  i n t o  the  conduction band. I f  the  

energy gap between the  donor level  and coaduction band is  

small then a broad range of wavelengths i n  the  v i s ib l e  region 

and i n t o  the infrared could be absorbed because of the lack 

of an upper energy boundary i n  the  conduction band. 

tha t  mechanism must be rejected because of the lack of 

bleaching of pre-darkened material  upon expoqure through a 
red f i l t e r .  The peak transmission of the red f i l t e r  l i es  

a t  650 millimicrons with the lower cut-off a t  about 600. 

This wavelength region is included i n  the  broad band absorp- 

t i o n  after darkening. For the above model, exposure t o  the  

red f i l t e r  should elevate  electrons from the upper leve l  

donor s i t e s .  The electrons would then be f r ee  t o  migrate' 

However, 

* 

1 

and have a ce r t a in  probabili ty of being recaptured a t  the  

low energy leve l  f r o m  which they were act ivated,  Because 

we  do not observe bleaching with red i r r ad ia t ion  suggests t h a t  

t h i s  i s  not the most probable scheme f o r  describing the energy 

l eve l s  possible , for  phototropic response. This would suggest 

then t h a t  the act ivat ing process and the  subsequent trapping 

and the 'absorption which occurred a f t e r  trapping takes place 

by a very local ized interchange. 

takes  place while the  electrons are local ized t o  spec i f ic  

sites, and t h a t ' t h e y  do not become act ivated in to . the .  conduction 

band is also inferred.  

That broad band absorption 

4 

, 
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-. . 
. Two different sets of measurements were made related 

to the characterization of the defects and their localization, 

These consisted of conductivity measurements as a function of 
frequency and of low temperature reflectance in bleached and 

darkened states. 

b 

L 

No photoconduction occurred during exposure to the 

source. This suggests that the defects responsible for photo- 

tropy are either highly lccalized or do not carry charge. 

Refl.ectance measurements at liquid nitrogen temperature * are equivalent to the room temperature values in both darkened 

and bleached states, 

not occurred at high temperatures and that the broad band 

absorption observed at room temperature does not result from a 

thermal broadening of narrower peaks corresponding to individual 

defects which would be resolved at low temperatures. Thus, the 

low temperature measurements do not specifically indicate the 

presence of localized effects with sharp absorption lines associa- 

This shows that thermal broadening has 

ted with them. 

Our objectives are: to search for a material with a 

high change in absorption coefficient which exhibits bleaching 

' at lower temperatures than those which we have found to date, 

to fully characterize the materials for potential use, and to the 

mechanism of phototropy. The mechanism study is. confined to the 

barium titanate base materials because they at present appear to 

be the most promising phototropes for potential satellite tempera- 

ture control. 
J)  - .  

4 
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VII. CONCLUSIOX 

b Tie sodium chloride-silver chloride mixture found to 
ba photosensitive offers considerable promise for satellite 

temperature control because of the possibility of adjusting 

the temperature by adjusting the coinposition (If the assump- 
tion is valid that the bleached temperature will occur at the 

tsyo @ase boundary), 

wliether or not this is the case. 
Further work will be done to determine 

The phototropic reaction for barium ti‘tanate is to be 
optimized with respect to lower temperature bleaching. This 

0 
is being pursued because of the observed low temperature 

recovery under irradiation in high purity barium titanate, 

The specific impurities responsible for the phototropic 
response in high purity barium titanate in comparison with commer- 

.. cial barium titanate are being investigated with an einpirical 

technique, The effects have been found to be sensitive to 

. 

\ \firing temperature. Further work on both other additions 
. and firing conditions are to be covered in the next quarter, 

Greater phototropic response and greater recovery at low 

temperatures have already been found with the iron additions 

than we have previously observed in titanates. 

In the mechanism studies, we clearly need a new model 
, upon which to guide our experimental investigation.. 

.--. - , 

39 



1. 

2, 

3- 

4, 

5, 

5 ,  

7, 

8,  

9, 

10, 

Browil ,  G, H, and Shaw, W. G, , Reviews of Pure and A p p ,  
Chem, Mar. 1961 p 2-32 

Soshen, R, W, , Pekker, A, J. , and S tu r t z ,  J, P, , 2, m, 
Chm, Sol ids ,  5, No, 23, 1958 

Lee, 0, I,, A m e r ,  Mineral, 21 ,  764 (1,936) 

Williamson, W, 0, , C e r a m i c  A q e  37, No, 5, 160, (1941) 

Waugh, A,, personal communication 

Weyl, W, A, , "Colored Glasses", a, G l a s s  - Techn, Richard 
Clay & Co. Ltd,, Bungay, Suffolk, (1951) 

Rindone, G, E,, Travaux IV, Congress I n t ' l  du V e r r e ,  
Par i s ,  (1956) 

Brown G. and Shaw, Reviews of Pure and A p D l .  -0 , ' 
Mar. (1961) 

Bushay, A,, Phvs & Chem, Glasses, 2, 33, (1961) ' 

_. 

40 


